AD-785  380 


VISIBLE  MAGNITUDE  OF  TYPICAL  SATELLITES 
IN  SYNCHRONOUS  ORBITS 

William  E.  Krag 

Massachusetts  Institute  of  Technology 


Prepared  for: 

Electronic  Systems  Division 


6  September  1974 


DISTRIBUTED  BY: 


National  TocNnical  Information  Sorvico 
U.  S.  DEPARTMENT  OF  COMMERCE 

5225  Port  Royal  Road,  Springfield  Va.  22151 


i 


-TR-74-278 


ERRATA  SHEET 
for  Technical  Note  1974-23 

The  references  for  Technical  Note  1974-23  (W.  E.  Krag,  "Visible  Magnitude  of 
Typical  Satellites  in  Synchronous  Orbits, "  6  September  1974)  are  listed  below.  They 
were  inadvertently  omitted  from  that  report. 


G.  A.  McCue,  J.  G.  Williams  and  J.  M.  Morford,  "Optical  Characteristics  of 
Artificial  Satellites, "  Planet.  Space  Sci.  1_9,  851  (1971). 

J.  N.  Hamilton,  "Radiometry  of  Objects  in  Space,  "  Report  No.  TOR-0073(3486)-1, 
Aerospace  Corporation,  El  Segundo,  California  (1972). 

V.  Slabinski,  private  communication. 

Satellite  Situation  Report,  Vol.  13,  No.  12,  Goddard  Space  Flight  Center, 
Greenbelt,  Maryland  (31  December  1973). 

J.  E.  Gifford,  Westinghouse  Corporation,  private  communication. 

W.  E.  Krag,  R.  Sridharan  and  A.  J.  Yakutis,  "A  Simple  Technique  for  Re¬ 
cording  Optical  Signatures,"  Technical  Note  1974-18,  Lincoln  Laboratory, 

M.  I.  T.  (20  March  1974),  DDC  AD  777152/0. 

R.  T.  Prosser,  "The  Lincoln  Calibration  Sphere,"  Proc.  IEEE  (Correspondence) 
53,  1672  (1965),  DDC  AD  457238. 

IMP-6  First  Year  Report,  Goddard  Space  Flight  Center,  Greenbelt,  Maryland 
(March  1972). 


27  September  1^74 


Publications  Office 

M.  i.  T.  Lincoln  Laboratory 

P.  O.  Box  73 

Lexington,  Massachusetts  02173 


%*c>  i   ;y < La 


%  t 


_ UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PACE  (Vken  Do  la  Entered) 


REPORT  DOCUMENTATION  PAGE 


I.  REPORT  NUMBER 


1.  GOVT  ACCESSION  NO. 


ESD-TR-74-273 

*■  TITLE  faodSublilie) 

Visible  Magnitude  of  Typical  Satellites 
In  Synchronous  Orbits 


7.  AUTHORS ' 


READ  INSTRUCTIONS 

_ BEFORE  COMPLETING  FORM 

-3.  RECIPIENT'S  CATALOG  NUMBER 


|  5.  TYFE  OF  REPORT  A  PERIOD  CO VEREO 


Technical  Note 

6.  PERFORMING  ORG.  REPORT  NUMBER 

Technical  Note  1974-23 

8.  CONTRACT  OR  GRANT  HUMBERT*/ 


Kn^;,  William  E. 


FI  9628-73 -C -0002 


V.  PERFORMING  ORGANIZATION  NAME  ANO  AOORESS 

Lincoln  Laboratory,  M.l.T. 

F.  O.  Box  73 
Lexington,  MA  02173 

II.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 

Air  Force  Systems  Command,  USAF 
Andrews  AFB 
Washington,  DC  2033i 

14.  MONITORING  AGENCY  NAME  4  AOORESS  (if  different  from  Controlling  Office) 

Electronic  Systems  Division 
Ha  ns  com  AFB 
Bedford,  MA  01730 


10.  PROGRAM  ELEMENT,  PROJECT,  TASK 
AREA  1  WORK  UNIT  NUMBERS 


Project  No.  649L 
_______ 

6  September  1974 
13.  number  of  pages  ** 

_ 36 _ 

IS.  SECURITY  CLASS,  fof  Mi  report). 

Unclassified 


ISo.  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 


14.  DISTRIBUTION-STATEMENT  (of  Me  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  tf  di ffereni  from  Report ) 


II.  SUPPLEMENTARY  NOTES 


NATIONAI  TECHNICAL 
None  INFORMATION  SERVICE 

Ij  c  .»•!  <* '•  •»*  Comi(*r*'t  .• 

SpnnjjfM  1 1  VA 

It.  KEY  WORDS  tCoMiaae  on  reverse  side  if  necessory  and  identify  by  block  namber ) 


space  objects 
optical  characteristics 


telescope  detection  and  ranging 
synchronous  orbits 


70.  ABSTRACT  (Continue  ><l  revert*  tide  if  necetearj  tad  identify  by  block  member) 


Expressions  for  the  visibility,  in  terms  of  visible  magnitude,  of  resident  space  objects  are  presented 
in  this  report.  The  variations  of  the  visible  magnitude  with  the  geometry  of  the  viewing  situation,  con¬ 
sidering  variables  ouch  as  distance,  surface  type  and  reflectivity,  viewing  angles,  and  spacecraft 
orientation,  are  discussed.  Calculations  of  the  visible  magnitude  to  lie  expected  and  some  of  the  variations 
arc  then  made  for  typical  satellites  in  synchronous  orbits.  Finally,  calculations  of  the  maximum  visible 
magnitudes  for  several  satellites,  with  a  collection  of  the  available  data  and  some  phorographs  are 
presented  in  an  appendix.  This  work  is  related  to  the  Telescope  Detection  and  Ranging  (TDAR)  Program. 


I  JAN  73 


COITION  OF  1  NOV  45  IS  OBSOLETE 


_ UNCLASSIFIED _ 

•SECURITY  CLASSIFICATION  OF  THIS  PAGE  <*>ien  Dal,  Entered, 


I/’  P-f^f^J 'c rMr-j^7-  •*»*«’.»  ««*■***  *--«vf  -.  -  ^,vw  rvv  «,  ft*, w, r/v *•  yZv&i^tsf 


MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
LINCOLN  LABORATORY 


VISIBLE  MAGNITUDE  OF  TYPICAL  SATELLITES 
IN  SYNCHRONOUS  ORBITS 


W.  E.  KRAG 
Group  96 


TECHNICAL  NOTE  1974-23 

6  SEPTEMBER  1974 


D  D  C 


C2ln 


tq\E©Pnrl 

!J  SEP  26  1974 

Ikcaanns 

-  a 


I 

i 

!. 

» 


5 

it 


i 


I 


| 

\ 


A 


i 


l 


* 

\ 


7 

I 

i 

l 


| 

i 


*1 

i 

k 


>• 

a 

f 

i 


i 

i 


* 

$ 

$ 

< 

* 

{ 

! 

/; 

£ 


LEXINGTON 


II 


MASSACHUSETTS 


ABSTRACT 


Expressions  for  the  visibility,  in  terms  of  visible 
magnitude,  of  resident  space  objects  are  presented  in  this 
report.  The  variations  of  the  visible  magnitude  with  the 
geometry  of  the  viewing  situation,  considering  variables 
such  as  distance,  surface  type  and  reflectivity,  viewing 
angles,  and  spacecraft  orientation,  are  discussed.  Calcu¬ 
lations  of  the  visible  magnitude  to  be  expected  and  some  of 
the  variations  are  then  made  for  typical  satellites  in 
synchronous  orbits .  Finally,  calculations  of  the  maximum 
visible  magnitudes  for  several  satellites,  with  a  collection 
of  the  available  data  and  some  photographs  are  presented  in 
an  appendix. 

This  work  is  related  to  the  Telescope  Detection  and 
Ranging  (TDAR)  Program. 
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VISIBLE  MAGNITUDE  OF  TYPICAL  SATELLITES  IN  SYNCHRONOUS  ORBITS 


A  significant  effort  is  being  made  at  Lincoln  Laboratory,  and  at  other  installa¬ 
tions  both  in  and  out  of  the  Air  Force,  to  locate,  and  observe  the  optical  characteristics 
of,  Resident  Space  Objects  (RSOs).  Large,  low-orbit  satellites  have  been  observed 
extensively1  and  calculations  have  been  made  of  the  visible  magnitude  of  these  objects. 
Only  recently,  however,  has  it  been  possible  to  consider  the  use  of  rather  large  tele¬ 
scopes  and  sophisticated  detectors  for  those  observation  of  satellites  of  typical  size 
and  construction  in  synchronous  orbits.  For  these  conditions  the  visibility  is  ex¬ 
pected  to  be  low  and  well  beyond  the  capability  of  the  naked  eye.  The  calculations 
given  in  this  report  show  the  maximum  visibilities  which  can  be  expected  from  typical 
satellites  in  synchronous  orbits  under  ideal  conditions.  The  report  is  part  of  a  pre¬ 
liminary  study  for  the  Telescope  Detection  and  Ranging  (TDAR)  Program,  which  was, 
until  recently,  supported  by  the  general  research  funds  of  the  Laboratory. 

The  visible  magnitudes  of  simple  objects  such  as  spheres',  cylinders,  flat  planar 
objects,  and  cones  illuminated  by  solar  irradiation  can  be  calculated  in  a  straight¬ 
forward  manner.  It  is  necessary  to  set  up  a  coordinate  system  relating  the  sun,  the 
RSO  and  the  observer,  defining  the  phase  angle,,  as  well  as  the  orientation  of  the  RSO 
with  respect  to  both  the  sun  and  the  observer. 

A  table  of  functions  for  the  visual  magnitudes  for  spheres,  cylinders,  and  plates 
illuminated  by  the  sun  has  been  compiled  by  McCue,  et  aL  and  is  presented  in  Table 
I. 

In  using  Table  I,  the  phase  angle,  ♦ ,  is  a  function  of  observer-RSO-sun  angle, 

0 ,  and  can  be  calculated  from  the  expression 

cos  ♦  =  sis  sin  p  +  cos  p  cos  p  cos  0 

where  p^  and  p^  f,re  the  latitudes  of  the  sun  and  the  observer  from  the  principal 
axis  of  the  RSO.  In  Figure  1,  which  shows  the  geometry,  the  RSO  is  located  at  the 


Shape  Reflection  F<*>  Remarks  Reference 


DUfuee  /  I  0  I  #  and  #  different  signs 


Fig.  1.  Coordinate  system  for  Table  I.  In  Table  I,  R  is  the  observer  to  satellite 
distance.  The  satellite  is  located  at  the  origin.  For  the  expressions  in  Table  I,  a 
cylinder  is  oriented  with  its  axis  along  the  polar  axis  and  centered  on  the  origin  and  a 
flat  plate  is  centered  with  its  normal  along  the  polar  axis.  The  latitudes  of  the  sun  and 
the  observer  respectively  are  and  #  ,  and  6  is  the  difference  in  longitude. 
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origin  of  the  coordinate  system.  In  the  special  cases  of  a  sphere  and  a  cylinder  with 
its  polar  axis  normal  to  the  sun-RSO-observer  plane,  $  =  6  . 

The  visual  magnitude  is  calculated  from  the  expression 

m  =  -26.78  -  2.5  log 
V  R2 

where  p  A  is  the  reflectivity-area  product,  F($)  is  from  Table  I,  and  R  is  the 
observer  to  satellite  distance.  The  visual  magnitude  of  the  sun  is  -26.78,  uncorrected 
for  atmospheric  effects.  The  visual  magnitudes  become  more  positive  as  the  R£0  be¬ 
comes  less  bright  (R  is,  by  far,  the  dominant  factor  for  satellite  size  objects). 

There  are  several  interesting  features  to  be  noted  from  Table  I.  Diffusely  re¬ 
flecting  satellites  at  full  phase  with  the  same  p  A  product  have  magnitudes  which  vary 
<  ±1.  The  specular  flash  from  a  flat  plate,  on  the  other  hand,  can  be  orders  of  magni¬ 
tude  brighter  (~  H  m^)  than  any  diffuse  reflector  of  the  same  area. 

The  specularly  reflecting  sphere  is  the  dimmest  object  [for  a  given  p  A  and 
ignoring  cases  where  F(*)  =  0] ,  but  it  has  the  interesting  property  of  having  a  magni¬ 
tude  which  is  independent  of  phase  angle. 

Hamilton  has  prepared  analytic  expressions  and  plotted  magnitude  calculations 
for  RSOs  with  the  above  shapes  plus  the  cone  and  spherical  segments,  which  are  use¬ 
ful  in  these  calculations. 

\ 

Figure  2,  taken  from  McCue  ,  shows  the  variation  with  phase  angle  of  the 

2 

absolute  magnitude  for  an  object  with  a  reflectivity-area  product  of  p  A  =  1  m 
located  at  a  distance  R  of  37, 100  km  (1  x  synchronous  orbit).  The  ordinate  in  the 
figure  could  be  labeled  in  terms  of  im^  (0)  =  -2.5  log  F(4>),  to  show  the  same  infor¬ 
mation. 

For  the  cases  plotted,  m^  increases  by  one  as  the  phase  angle  changes  from 
0°  to  90°.  For  the  case  of  a  flat  plate  at  the  zenith  and  with  the  normal  to  the  plate 
directed  at  the  observer,  the  diffusely  reflected  radiation  reaching  the  observer  goes 
to  zero  at  a  phase  angle  of  90°. 
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ABSOLUTE  MAGNITUDES 
p  A  *  1  m  2  ot  R*  37100  km. 


0*  40*  80*  120*  160* 


(T)  DIFFUSE  SPHERE 

(2)  DIFFUSE  CYLINDER 
w  Intarmadiatt  Valua 

(3)  DIFFUSE  CYLINDER 

Maximum 

®  DIFFUSE  PLATE 
Maximum 


PHASE  ANGLE  B 

(5)  SPECULAR  CYLINDER 
w  Minimum  Flash  (pA  a/A  *lm2XWsok  Flash) 

®  SPECULAR  SPHERE 

(7)  SPECULAR  CYLINDER 

Maximum  Flash  (pAB/A*lm2XW«ok  Flash) 


Fig.  2.  Theoretical  determination  of  absolute  magnitude  as  a  function  of 
phase  angle. 


Figure  3  shews  the  phase  angle  variation  of  the  visible  magnitude  for  a  stationary, 
cylindrical  RSO  in  a  synchronous  equatorial  orbit  with  its  polar  axis  normal  to  its 
orbit  with  typical  observation  conditions.  As  indicated  in  the  figure,  when  the  sun  is 
18°  or  more  below  the  horizon,  the  night  sky  has  minimum  brightness.  This  is  the 
"dark  sky  region."  Objects  less  than  20°  above  the  horizon  are  difficult  to  observe, 
because  of  the  increased  air  mass  the  reflected  light  must  traverse.  This  affects  the 
observations  because  of  the  prooability  of  increased  ’’seeing"  difficulties  and  because 
of  a  larger  extinction  coefficient  due  to  the  increased  air  mass.  For  a  satellite  at  the 
zenith,  the  phase  angle  varies  from  72°  when  the  sun  is  18°  below  the  horizon  to  0°  at 
local  midnight  (assuming  no  eclipse)  to  72°  when  the  sun  is  about  to  rise.  This  is  case 
1  in  Figure  3.  Then  $  is  less  than  72°  and  the  phase  function  correction  to  the  visible 
magnitude,  Am^  =  -2.5  log  F(4>)»  varies  between  1-54  and  1.97  magnitudes  or  less 
than  a  half  magnitude  variation.  On  the  other  hand,  as  shown  in  case  2,  when  the 
satellite  is  20°  above  the  horizon,  1*  varies  from  180°  -20°  -18°  =  142°  when  the  sun 
in  near  the  same  horizon  as  the  satellite,  through  0°  and  up  to  2°  when  they  are  on 
opposite  horizons.  In  this  case,  Amy  varies  between  1.51  and  3.94  magnitudes,  a 
total  change  of  almost  2.5  magnitudes. 

In  addition  to  the  corrections  which  have  to  be  made  for  phase  angle,  listed  in 
Table  I,  the  specular  reflections,  in  particular,  are  extremely  dependent  on  the  per¬ 
fection  of  the  surface  flatness.  For  example,  the  observed  specular  reflection  from 

a  line  of  solar  cells  could  decrease  by  more  than  four  magnitudes  if  the  normals  to 

2 

the  solar  cell  surfaces  were  dispersed  over  one  degree.  This  extreme  dependence 
is  due  to  the  small  angle  of  the  sun's  image  as  viewed  from  the  earth. 

In  calculating  the  specular  reflections,  the  visible  magnitudes  are  calculated 
assuming  that  only  one  specular  reflection  will  be  observed  at  any  given  moment. 

For  diffuse  reflection,  on  the  other  hand,  radiation  is  reflected  from  all  surfaces  in 
the  direction  of  the  observer  and  the  radiation  has  to  be  summed  from  all  surfaces. 

The  equation  for  the  visible  magnitude  becomes  in  that  case: 
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Amv*  -2.5  log  F($,  *-2.5  log^-eo*2^ 
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Fig.  3.  Phase  functions  for  synchronous,  cylindrical  RSOs. 
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m  =  -26.78  -  2.5  log  Y  —  ^(<l> 

V  L  R2 

where  p  A  F(4>)  is  calculated  separately  for  each  surface. 

In  Figure  4,  the  calculated  visible  magnitudes  for  various  RSOs  are  given'. 

Shown  in  the  center  are  sketches  of  typical  objects,  and  at  the  right  and  left,  respec¬ 
tively,  the  visible  magnitudes  for  diffuse  and  specular  reflection.  The  calculations 
are  made  for  objects  in  full  phase,  at  zenith,  and  no  correction  is  made  for  atmos¬ 
pheric  absorption.  These  are,  therefore,  the  maximum  visibilities  which  could  be 
expected  for  the  various  objects. 

Intelsat  IIIF-2  has  a  main  body,  a  cylinder,  covered  by  solar  cells.  This  body 
m 

gives  a  magnitude  of  15‘  .  The  diffuse  reflection  of  the  folded-born  despun  antenna, 

plus  the  reflection  of  the  squat  black  cylinder  between  the  main  body  and  the  antenna, 

m  3 

is  estimated  to  add  enough  radiation  to  raise  the  visible  magnitude  to  14 . 6 .  With 
the  IVF-3,  there  is  a  similar  situation;  however,  the  parabolic  antennas  are  painted 
black  and  there  is  very  little  reflection  from  them.  The  feed  horns  are  covered  with 
metallized  Mylar  sheet  for  thermal  protection.  This  material  is  highly  reflecting  and 

3 

highly  crinkled,  so  it  contributes  a  significant  amount  of  diffuse  reflection.  The  total 
visible  magnitude  is  given  in  the  figure.  It  will  be  realized,  of  course,  that  the  phase 
angle  variation  of  the  visible  magnitude  will  be  different  for  the  cylindrical  main  body 
than  ;t  is  for  the  semiflat  area  of  the  antennas. 

This  phase  angle  dependence  is  shown  by  consideration  of  the  IVF-3  satellite. 
The  phase  angle  dependence  of  the  diffuse  reflection  from  the  main  cylinder  changes 
by  only  a  factor  of  2  when  the  sun-RSO-observer  angle  changes  from  0  to  90  degrees. 
For  the  antennas,  however,  the  diffuse  reflection  toward  the  observer  when  the  sun  is 
in  plane  of  the  antenna  surface  goes  to  zero. 

In  the  appendix  which  follows,  sketches  and  photographs,  when  available,  and 
simple  calculations  cf  visible  mangitude  are  presented  for  various  satellites. 
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Fig.  4.  Visible  magnitudes  of  "typical"  satellites  in  1  x  synchronous  orbits. 
Satellites  are  viewed  full  phase  and  at  zenith  (R  =  37, 100  km).  For  solar  cells, 
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APPENDIX  A 


In  this  appendix  we  describe,  briefly,  the  physical  structure  of  various  RSOs, 
particularly  with  regard  to  the  physical  characteristics  as  they  affect  the  sunlight 
scattered  toward  the  observer  on  earth.  We  then  calculate  the  visible  magnitude  ex¬ 
pected  for  the  RSO  at  zenith  and  for  the  full  phase  condition.  This,  for  diffusely  re¬ 
flected  radiation,  is  the  maximum  expected  visibility.  Specular  reflections,  which 
are  not  regularly  observed,  are  treated  as  special  cases  and  not  added  to  the  diffuse 
reflection.  A  group  of  RSOs  in  1  x  synchronous  orbit  will  be  considered  first,  and 
then  calculations  presented  for  a  few  synchronous  satellites  with  different  orbital 
parameters . 

3 

For  all  of  the  calculations  we  shall  assume  that  the  diffuse  reflection  coefficient 
is  0.07  and  the  specular  reflection  coetficient  is  0.15  for  all  solar  cells.  For  most 
other  surfaces,  except  where  noted,  estimates  of  the  reflection  coefficient  will  be 
used. 

INTELSAT  IIIF-2 

4 

Intelsat  IIIF-2  (Satellite  Identification  No.  3623)  is  in  a  1  x  synchronous,  approxi¬ 
mately  stationary  equatorial  orbit,  located  at  longitude  258  East.  A  photograph  of  the 
satellite  is  shown  in  Figure  Al.  The  IIIF-2's  main  body  is  rotating  at  *  0.7  sec/ rev 
around  the  polar  axis,  with  the  polar  axis  approximately  normal  to  die  orbit  plane. 

The  polar  axis  describes  a  1°  cone  about  the  spin  axis.  The  body  is  a  cylinder  41” 

(1.04  m)  long  with  a  56"  (1.42  vn)  diameter  and  the  circumference  is  covered  with 
solar  cells.  The  solar  cells  are  glued  to  the  surface  in  columns  in  a  shingled  fashion, 
with  alternate  columns  shingled  up  and  down.  The  solar  cell  normals  are  at  88.7° 
and  91.3°  with  respect  to  the  polar  axis,  with  a  1°  to  2°  variation  in  the  normals. 

The  despun  antenna  horn  is  covered  with  specularly  reflecting  Al  coated  mylar,  with 
a  small  effective  diffuse  reflection  coefficient  and  the  horn  (28  cm  x  30  cm  diameter) 

itself  has  a  diffuse  refh  .ion  coefficient  of  0.52.  The  squat  cylinder  and  the  omni- 

2 

antenna  under  the  cone  has  a  reflectivity  area  product  of  *  0.002  m  . 
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The  visible  magnitude  is  then 


mv  =  -26.78  +  5  logR  -2.5  1o?p  A  -2.5  log  F(*) 


my  =  -26.78+  5  log 3. 71  x  10  m  -  2.5  log p  A  F(*) 


my  =  11.07  -  2.5  logp  A  F(*). 


Consider  first  the  diffuse  reflection. 


For  the  main  cylinder 


p  A  F($)  =  .07  x  1.04  x  1.42  x  1/4  =  .0258  m 


The  horn  aperture,  considered  as  a  flat  plate,  has  a  reflectivity  area  product  of 


p  A  =  .  52  x  .  28  x  0. 30  =  .  0437  m  ,  giving 


p  A  F(4*)  =  .0437  x  1/tt  =  .0139  m  , 


while  for  the  low  cylinder 


p  A  F(*)  =  .002  x  1/4  =  .0005  m 


Then 


mv  =  11.07  -  2.5  log[  .0258  +  .0139+  .0005] 


,  .m 
m  =14.6 
v 


is  the  visible  magnitude  of  the  diffusely  reflected  solar  radiation. 

Now  for  specular  reflection  from  a  line  of  solar  cells  2  cm  wide  and  1.42  m 

long 


a  i 


-**+«**«*^  ,  /£ 
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p  A  F($)  =  .15  x  .02  x  1.42  x 


n  (.0093) 


giving 


=  62.71 


my  =  11.07  -  2.5  log  62.71 


m  =  6 . 6  . 

v 


This,  of  course,  is  a  very  bright  reflection.  However,  with  a  1°  -  2°  variation  in 

2 

solar  cell  normals,  the  intensity  decreases  by  4  to  6  magnitudes . 

NOTE:  Virtually  all  of  the  information  on  the  Intelsat  satellites  was  graciously  sup¬ 
plied  by  V.  Slabinski  of  the  Comsat  Corporation.  Dr.  Slabinski  also  pointed  out  the 
antireflection-coated  silicon  solar  cells  reflect  a  large  fraction  of  the  incident  ultra¬ 
violet  light.  This  means  that  the  measured  magnitudes  are  a  function  of  the  spectral 
sensitivity  of  the  detectors.  Since  photographic  film  and  most  photocathodes  are  more 
sensitive  than  the  eye  to  ultraviolet  light,  the  measured  magnitude  of  a  satellite  image 
is  likely  to  be  higher  than  the  visually  observed,  and  calculated  above,  magnitude. 

INTELSAT  IVF-3 

4 

Intelsat  IVF-3  (Satellite  Identification  No.  5709)  is  in  a  i  x  synchronous,  approxi¬ 
mately  stationary  equatorial  orbit  located  at  Longitude  336.6°  East.  The  polar  axis  of 
the  cylinder  is  normal  to  the  orbit  plane.  A  photograph  of  one  of  the  Intelsat  IV  satel¬ 
lites,  whose  surface  coatings  were  varied  on  some  of  the  satellites,  is  shown  in 
Figure  A2.  The  main  cylinder  is  111"  (2.82  m)  long  and  93.7"  (2.38  m)  in  diameter 
and  covered  with  solar  cells.  The  solar  cells  are  not  shingled.  The  antennas  are 
*  50"  (1.27  m)  in  diameter  with  a  diffuse  reflectivity  of  =  5  percent.  The  feed  herns 
are  covered  with  a  highly  crinkled  gold -colored  insulation  and  are  approximately  3' 

(1  m)  long  ;;:td  have  a  diameter  of  6"  (15  cm).  Calculating  the  visible  magnitude  due 
to  the  diffuse  reflection, 


14 


P  A  F(*)  *  .07  x  2.82  x  2.38  x  1/4 
2 

=  0. 117  m  for  the  solnr  ceils, 


p  A  F($)  =  2  x  0.05  x  ■■■■*■  ,27>-  x  1/jr 

4 

2 

*  .020  m  for  the  two  antenna  considered  as  flat  plates,  and 

2 

p  A  F($)  =  2x.9xlx.l5x  1/4  =  .  0675  m  for  the  two  feed  horns, 


for  a  total  (diffuse)  visible  magnitude  of 


my  =  11.07-  2.5  log  [0.117  +  0.020  +  0.0675] 


my  =  12' ‘.8 


It  appears  unlikely  that  the  antenna  structure  located  between  the  two  large  antennas 
will  contribute  significantly  to  the  diffuse  reflection. 

The  specular  reflection  from  a  line  of  solar  cells  gives 


p  A  F(*)  =  0.15  x  .02  x  2.82  x 


k  (.0093) 


=  124.5,  and  a  visible  magnitude  of 


my  =  11.07  -  2.5  logl24.5 
=  5?8  . 


As  in  all  the  calculations  in  this  report,  the  specular  reflection  is  expected  to 
be  decreased  by  several  magnitudes  because  of  dispersion  of  the  solar  cell  normals. 
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APPLICATION  TECHNOLOGY  SATELLITES 

Application  Technology  Satellite  -1  (ATF-1)  is  in  a  1  x  synchronous,  approxi¬ 
mately  stationary  equatorial  orbit  located  a',  longitude  149. 1  West  (Satellite  Identifies  - 

4  4 

tion  No.  2608).  ATS -3  (Satellite  Identification  No.  3029)  is  a  similar  satellite, 

located  at  longitude  69. 1  West.  An  artist's  conception  of  the  satellite  is  shown  in 

Figure  A3.  These  satellites  are  oriented  with  their  polar  axes  normal  to  the  orbit 

plane.  The  cylindrical  bodes  are  1.47  m  in  diameter,  1.35  m  in  lepgth,  and  are 

covered  with  panels  of  solar  cells .  There  are  no  large  antenna  structures  on  the 

satellites,  so  the  visibility  calculation  concerns  only  the  solar  panels.  For  these 


p  AF(*)«. 07  x  1. 47  x  1. 35  x-i-  =  .0442  m2 

7 r 


m  =  11.07  -  2.5  log  .0442  =  14. 5 
v  ° 


is  the  visible  magnitude  of  the  diffuse  reflection  from  the  solar  cells.  The  specular 
reflection  gives,  for  a  line  of  solar  cells  2  cm  wide  by  1.35  m  long 


m  =  11.07  -  2.5  log  .15  x  .02  x  1.35  x - =- 

V  ir  (.0093) 


,m 

m  =  6 . 6  . 
v 


ATS -5  (Satellite  Identification  No.  4068)  like  the  ATS-1  and  ATS -3  satellites 
is  in  a  1  x  synchronous ,  approximately  stationary  equatorial  orbit  located  at  longitude 
105°  West.  ATS -5  is  a  cylindrical  satellite,  rotating  at  a  rate  of  0.8  sec/ rev,  1.83  m 
long  and  1 . 43  m  in  diameter,  with  its  polar  axis  approximately  normal  to  the  orbit 
plane.  It  has  two  cylindrical  banks  of  solar  cells  each  approximately  0.6  m  long. 


The  middle  third  of  the  satellite,  as  shown  in  Figure  A4,  is  occupied  by  various  planar 
array  antennas .  The  precise  dimensions  and  reflectivities  of  die  planar  arrays  are  not 
known  to  the  author  but  we  estimate  a  diffuse  reflection  coefficient  of  0. 5  with  dimen¬ 
sions  of  0.4  x  0.3  m  for  the  largest  array  and  a  total  area  for  the  arrays  50  percent 
larger. 

We  assume  that  the  black  area  in  the  central  section  has  a  diffuse  reflection  co' 
efficient  of  0.03. 

Thus,  considering  the  diffuse  reflections, 

1  2 

p  A  F<*)  =  2  x  .07  x  1.43  x  0.6  x  —  =  .0300  m 
for  the  two  banks  of  solar  cells, 

p  A  F(*)  =  .03  x  1.43  x  .6  x  —  =  .0051  m2 

JT 
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The  previously  mentioned  factors  affecting  the  specular  reflection  should  be  kept  in 
mind  in  evaluating  the  magnitude  of  these  specular  reflections. 

The  specular  reflections  from  the  planar  array?  are  difficult  to  estimate.  How¬ 
ever,  let  us  assume  that  on'y  one  array  contributes  to  a  particular  beam,  that  50  per¬ 
cent  of  the  area  reflects  20  percent  of  the  incident  sunlight  in  a  specular  direction,  and 
calculate  the  magnitude  for  only  the  largest  array.  Then 


=  11.07  -  2.5  log  0.5  (  0.2  x  0.4  x  0.3  x - - - - )  1 

L  V  ir  (.0093)  '  J 


m  =  5^5 
v 


We  make  no  estimate  of  the  dispersion  of  the  array  normals  over  the  surface. 

NOTE:  A  more  complete  discussion  of  the  image  intensity  of  the  ATS -5  satellite, 
including  the  dynamic  behavior,,  is  given  in  Reference.  6. 


LINCOLN  EXPERIMENTAL  SATELLITES 

LES-5  (Lincoln  Experimental  Satellite  No.  5)  is  a  cylindrical  satellite  in  an 
equatorial  orbit  slightly  below  synchronous  altitude,  moving  approximately  15°/day. 
The  satellite  polar  axis  is  normal  to  the  orbit  plane.  The  66"  (1.68  m)  long,  49" 
(1.24  m)  diameter  satellite,  shown  in  Figure  A5,  has  two  banks  of  solar  cells,  each 
16  7/8"  (42.9  cm)  long,  and  two  bands,  painted  white  as  part  of  the  thermal  control 
design,  each  14  7/8"  (37.8  cm)  long.  The  diffuse  reflectivity  coefficient  of  the  white 
painted  panels  is  estimated  to  have  decreased  from  its  initial  value  of  0.8  to  a  value 
of  0.5  because  of  deterioration  due  to  ultraviolet  radiation.  There  are  no  large 
antenna  structures. 

The  diffuse  reflection  then  gives 

p  A  F(*)  =  2  x  .07  x  .429  x  1.24  x~=  .0186  m2 

4 
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for  Che  solar  cells,  and 


p  AF(*)  =  2  x  .5  x  1.24  x  .378  x-~  «  .2344m2 

4 


for  the  thermal  control  panels.  This  gives  a  visible  magnitude  of 


my  =  11.07  -  2.5  log [  .0186  +  .23441 


m  *  12tT16 
v 


for  the  diffuse  reflection. 

The  specular  reflection  from  a  line  of  solar  cells  2  cm  wide  and  42*9  cm  lcng 

gives 


p  A  F(*)=  .15  x  .02  x  .429  x 


n  (.0093) 


«,  18.9 


which,  in  turn,  gives  a  visible  magnitude  of 


mv  =  11.07  -  2.5  log  18.9 


m  =7.9  . 
v 


No  estimate  for  specular  reflection  from  the  thermal  control  panels  is  attempted. 

LES-6  (Lincoln  Experimental  Satellite  No.  6)  is  in  1  x  synchronous,  equatorial, 
approximately  stationary  orbit,  located  at  Ijngitude  38°  West  (Satellite  Identification 

4 

No.  3431).  It  is  a  cylindrical  body  of  the  same  size  as  LES-5  (1.68  m  long  by  1.25  m 
in  diameter),  but  has  four  bands  of  solar  cells,  as  shown  in  Figure  A6.  Each  band  is 
37.7  cm  long  and  is  made  up  of  columns  of  cells,  3ome  of  which  are  2  cm  wide  and 
some  1  cm  wide.  The  white  thermal  control  paint  has  probably  deteriorated  to  a  dif¬ 
fuse  reflection  coefficient  of  0.5. 
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The  diffuse  reflection  from  the  solar  cell  panels  gives 

p  A  F(*)  =  4x  .07  x  .377  x  1.24  x-~  =  .0327  m2  . 

4 


The  view  panel,  at  the  center,  is  6"  (15. 2  cm)  wide  and  approximately  60  percent  of 
it  is  painted  white.  There  are  eight  bolting  strips,  each  1"  (2.54  cm)  wide  also  painted 
white.  This  gives,  for  diffuse  reflection 

p  A  F(*)  ^  .6  x  . 5  x  .  152  x  1.24  x  —7-+  8  x  .5  x  .0254  x  1.24  x~ 

4  4 

=  .0456  m2  . 

The  visible  magnitude  of  the  diffuse  reflection  is  then 

m  =  11.07  -  2.5  log[. 0327+  .0456] 
v 

m  =  13m8  . 


The  specular  reflection  from  a  column  37. 7  cm  long  and  2  cm  wide  gives 

4 


my  =  11.07  -2.5  log  .15  x  0.02  x  .377  x 


m  =  sTo  , 
v 


*(.0093) 


and  from  a  1  cm  wide  column  of  the  same  length, 


m  =  8^8 
v 


LINCOLN  CALIBRATION  SPHERE7 

Finally,  we  consider  a  few  RSOs  with  other  than  i  x  synchronous,  equatorial, 

stable  orbits.  LCS-1,  the  Lincoln  Calibration  Sphere  (Satellite  Identification  No. 

4  2 

1361),  is  a  highly  polished  metal  sphere  with  cross  sectional  area  of  1  m  in  a  cir¬ 
cular  orbit  2800  km  above  the  earth's  surface.  The  sphere,  intended  for  radar  cali¬ 
bration  and  not  for  optical  studies,  we  assume  to  have  a  diffuse  reflection  coefficient 
of  0.5.  Therefore 

m  =  -26.78  +  5  logR  - 
v 

=  -26.78  +  5  log 2. 8 


is  the  visible  magnitude  of  the  diffuse  reflection.  For  specular  reflection  the  phase 
function,  F($),  is  equal  to  1/4  and,  with  a  specular  reflection  coefficient  of  0.5 

m  =9.0 
v 

INTERPLANETARY  MONITORING  PLATFORM  SATELLITE8 

The  Interplanetary  Monitoring  Platform  Satellite  (specifically  IMP-6,  Satellite 

4 

Identification  No.  5C43)  shown  in  artist's  conception  in  Figure  A7,  consists  of  a  16- 

sided  drum-shaped  body,  136  cm  in  diameter  and  150  cm  high.  Each  flat  on  the 

cylindrical  surface  is  a  panel  divided  into  four  sections,  each  approximately  38  cm 

long  and  three  of  which  are  covered  with  solar  cell  panels  »  27  cm  wide.  There  are 

several  long  (46  m)  sectioned  booms,  extending  from  the  sides  of  the  spacecraft. 

These  are  metal,  presumably  polished  and  several  cm  in  diameter.  The  structure  is 

5  3 

spinning  at  a  rate  of  12  rpm.  Apogee  is  1.975  x  10  km  and  perigee  7.7  x  10  km. 


2.5  logp  A  F(4>) 
x  106  -  2. Slog  0.5  x  1  x 

O  Tl 
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Fig.  A7.  Drawing  of  IMP-6  Satellite. 
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The  diffuse  reflection  is  from  a  series  of  flat  panels  with  and  e<lua^ 10 
0°  (i),  22.5°  (2),  45°  (2)  and  67,5°  (2)  at  the  zenith  in  full  phase  with  one  column  of 
panels  pointing  directly  at  the  earth.  The  diffuse  reflection  is  then 


I 


p  A  F(+)  =  .07  *  3  *  .38  '  .27  j  — —  (1  +  sin^  22.5°+  sin^  45°+  sin^  67.5°) 

7 r 


=  .0171  m 


The  visible  magnitude  of  the  diffuse  reflection  from  the  solar  panels  then  is 
my  =  -26.78  4-  5  logR  -  2.5  log  0.0171 


my  =  -22.36  +  5  log  R , 

which  ranges  from  m^  =  19^1  at  apogee  to  my  =  1 2rPl  at  perigee. 

The  specular  reflection  from  one  of  the  solar  panels  is 

m  =  -26.78  -  2.5  log.  15  *  .38  x  .27  x - - - ~  +  5  logR 

v  t(.0093) 


=  -32.67  +  5  log  R 


which  ranges  from  8^8  at  apogee  to  lT8  at  perigee.  The  observed  specular  reflec¬ 
tions  should  be  several  magnitudes  lower  because  of  the  dispersion  of  the  solar  cell 
normals . 

Let  us  assume  that  one  of  the  booms  has  a  circular  cross  section,  10  cm  in 
diameter,  15  m  long,  and  the  diffuse  and  specular  reflection  coefficients  are  0.5. 
Then  for  diffuse  reflection 


my  =  -26.78  +  5  log  R  -  2.5  log  .5  *  .  1  '  n  2 


m  =  -24.96  +  5  log  R 
v 


28 


which  equals 
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TH  157^23  (A8)l 


SPECULAR 
PADDLES:  2m9. 


DIFFUSE 

PADDLES:  12m2 
CONE:  12m  1 

TOTAL  DIFFUSE- 
Um  5. 


VISIBLE  MAGNITUDES:  FULL  PHASE  AT  40,000  km. 
SOLAR  CELLS  -  p  D(FFUSE  s0.07  A  specular  s0. 15. 

Fig.  A8.  Molniya  2  Satellite. 
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The  Molniya  2  series  probably  has  different  antennas  than  die  two  parabolic  antennas 

shown  in  the  figure.  The  satellite  is  oriented  in  space  so  that  the  solar  panels,  with 

2 

a  total  area  estimated  to  be  on  the  order  of  20  m  ,  always  point  directly  at  the  sun. 
The  principal  source  of  the  light  reflected  is  from  the  panels,  since  the  rest  of  the 
structure  is  shadowed.  In  the  calculations  below  the  end  of  the  satellite  is  assumed 
to  be  a  hemisphere,  with  a  diffuse  reflection  coefficient  of  0.5. 

For  the  solar  panels 

p  A  F<*)  «  .05  x  20  x  -i-  »  0.446 

ir 


■'  for  diffuse  reflection  at  full  phase.  For  the  hemisphere 

I 

i  2 

p  A  F(*)  =  .5  X  -A-AL,  X  — *  .060  . 

4  3* 

%  Then 

my*  -26.78+  .74+  5  logR 
which  equals 

!12.  C  at  apogee 
m 

2V1  at  perigee 

It  should  he  noted  that  these  calculations  assume  the  RSO  to  be  at  the  zenith  and  at 
full  phase.  For  a  satellite  500  km  above  the  surface  of  the  earth  this  is  obviously 
impossible.  As  pointed  out  in  Figure  2,  the  magnitude  does  not  change  rapidly  with 
plane  angle  8  ,  for  cylindrical  or  spherical  bodies.  However  for  flat  plates  the  re¬ 
flected  light  in  the  direction  of  the  observer  goes  to  zero  as  the  latitude,  with  respect 
to  the  plate  surface,  of  either  the  sun  or  the  observer  goes  to  0°.  Figure  A9  shows 
the  geometry  involved  for  the  Molniya  solar  panels  in  calculat*  g  the  changes  in 
magnitude  with  the  observer  latitude.  Note  that  since  the  solar  panels  always  point 
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Amv«-2.5  log  F  {<!>) 

<J>  «  ir-@. 

WHERE 

cos  *  sin  sin <f>2+  cos cos  ^>2  cos  0 
IF  ir-P>%,  NO  LIGHT  OBSERVED 
IF  ir-/3<  j 

Amv  *  -2.5  log  cos  (ir/S) 
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Fig.  A9.  Geometry  for  calculating  visibility  of  Molniya  solar  panels. 
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at  the  sun,  the  magnitude  can  be  calculated  in  terms  of  the  phase  angle,  /? ,  the 
satellite-observer-sun  angle.  The  change  in  magnitude  is  shown  in  the  graph  at  the 
lower  left  of  Figure  A9. 

Although  the  satellite  is  oriented  with  the  solar  panels  facing  directly  at  the  sun, 
since  the  paddles  are  probably  not  in  a  perfect  plane,  there  is  a  pc  jsibility  of  observing 
specular  reflections  when  the  satellite  is  near  full  phase.  Since  there  are  18  panels 
(Figure  A8),  the  area  of  each  is  approximately  1  square  meter.  The  magnitude  of  the 
specular  reflection  from  a  single  panel  is  then 


my  *  -26.78  -  2. 5  log  .15  x  1  x 


ir(.  0093) 


2~  +  5  logR 


m^  *  -35. 14  +  5  log  R 


2 . 9  at  apogee 


m  * 
v 


at 

-6?6  at 


perigee  . 


These  magnitudes  would  be  increased,  as  pointed  out  for  other  panels,  by  dispersion 
of  the  solar  cell  normals . 

Finally,  in  Table  IA  we  include  a  list  of  RSO's,  with  the  satellite  identification 
number  and  orbit  parameters  and  note  whether  they  have  been  observed  by  radar  and/ 
or  optical  techniques.  Where  the  information  is  available,  the  magnitude  observed  by 
R.  Weber  and  T.  H.  Brooks  of  this  Laboratory  has  been  listed.  In  comparing  with  the 
calculations  presented  in  this  appendix,  we  note  that  the  observed  magnitude  is  always 
greater  than  the  calculated  magnitude,  as  is  generally  expected  because  of  phase  angle 
corrections. 
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